Chromosomal inversion polymorphism play a major role in the evolutionary dynamics of populations and species because of their effects on the patterns of genetic variability in the genomic regions within inversions. Though there is compelling evidence for the adaptive character of chromosomal polymorphisms, the mechanisms responsible for their maintenance in natural populations is not fully understood. For this type of analysis, Drosophila subobscura is a good model species as it has a rich and extensively studied chromosomal inversion polymorphism system. Here, we examine the patterns of DNA variation in two natural populations segregating for chromosomal arrangements that differentially affect the surveyed genomic region; in particular, we analyse both nucleotide substitutions and insertion/ deletion variations in the genomic region encompassing the odorant-binding protein genes Obp83a and Obp83b (Obp83 region). We show that the two main gene arrangements are genetically differentiated, but are consistent with a monophyletic origin of inversions. Nevertheless, these arrangements interchange some genetic information, likely by gene conversion. We also find that the frequency spectrum-based tests indicate that the pattern of nucleotide variation is not at equilibrium; this feature probably reflects the rapid increase in the frequency of the new gene arrangement promoted by positive selection (that is an adaptive change). Furthermore, a comparative analysis of polymorphism and divergence patterns reveals a relaxation of the functional constraints at the Obp83b gene, which might be associated with particular ecological or demographic features of the Canary island endemic species D. guanche
Introduction
Chromosomal inversion polymorphism is a common feature in the genus Drosophila, and probably one of the best-studied genetic variation systems in population genetics. Three quarters of the species within the genus harbour polymorphic inversions in natural populations, and 60% of them are paracentric, that is the inversion does not include the centromere (Powell, 1997) . There is a strong evidence supporting the adaptive character of the inversion polymorphism (for example Dobzhansky, 1948 Dobzhansky, , 1950 Prevosti et al., 1988; Krimbas and Powell, 1992) . The genetic content of the inversion and putative interactions among genes within the inverted fragment likely play a major role on the maintenance of chromosomal polymorphism and on its evolution, although the selective mechanism or mechanisms, nevertheless, is not fully understood (Dobzhansky, 1948 (Dobzhansky, , 1950 Puig et al., 2004) .
Comparative analyses of nucleotide and chromosomal variation in inverted genomic regions provide valuable insight into the origin, age, fate and evolutionary meaning of inversion polymorphisms. Actually, a number of studies (for example Aguadé, 1988; Aguadé, 1990, 1994; Aquadro et al., 1991; Benassi et al., 1993; Popadic et al., 1995; Babcock and Anderson, 1996; Hasson and Eanes, 1996; Rozas et al., 1999; Schaeffer et al., 2003; Nobrega et al., 2008; Kulathinal et al., 2009 and others) have shown extensive genetic differentiation between gene arrangements, a pattern that is consistent with the reduction of recombination levels expected in inversion heterozygotes (Roberts, 1976) . Still, there is evidence of genetic exchange (either by gene conversion or double crossover) between gene arrangements Aguadé 1990, 1994; Rozas et al., 1999; Schaeffer and Anderson, 2005) .
Drosophila subobscura is a good model species to study the evolutionary forces shaping nucleotide variation in genes included in chromosomal inversions as this species harbours a rich array of chromosomal polymorphisms. For instance, Rozas et al. (1999) analysed the patterns of nucleotide variation in the four major chromosomal arrangements of the O chromosome (O st , O 3 þ 4 , O 3 þ 4 þ 8 and O 3 þ 4 þ 23 ). These authors analysed the rp49 gene, which localizes within the inversion loop of the different heterokaryotypes, and found that (i) the nucleotide polymorphism patterns were consistent with a monophyletic origin of the inversions, (ii) the restricted genetic exchange between inversions was less pronounced in the central part of the inversions and (iii) nucleotide variation still reflected the selective expansion that followed the origin of the inversions, which allowed age estimation. Sánchez-Gracia et al. (2003) analysed the pattern of nucleotide variation in the odorant-binding protein 83 (Obp83) genomic region, which includes the olfactoryspecific genes Obp83a and Obp83b, in D. melanogaster. This region is located in the 3R chromosomal arm (Muller element E) and corresponds to the same Muller element as the O chromosome of D. subobscura. Moreover, the chromosomal localization of this region in D. subobscura (band 98D; Figure 1 ) lies in the small chromosomal fragment affected by inversion 23 (O 23 ), but not by the other inversions studied in Rozas et al. (1999) (Figure 2) . Therefore, the Obp83 region can be used as a specific marker of inversion O 23 in D. subobscura. Analysis of the patterns of nucleotide polymorphism in this region and comparison with those observed at the rp49 gene might reveal aspects of the evolutionary history of a chromosomal inversion system not apparent in the analysis of Rozas et al. (1999) .
Here, we study the patterns of nucleotide variation in two gene arrangements from two different populations that are differentiated by chromosomal inversion O 23 . Furthermore, we introduce a new method to estimate insertion/deletion (InDel) variation and compare deletion-insertion polymorphisms patterns with those estimated by nucleotide substitutions. On the other hand, the Obp83a and Obp83b genes belong to one of the major insect chemosensory multigene families, the OBP gene family (Vieira et al., 2007; Sánchez-Gracia et al., 2009) , and originated by tandem gene duplication before the split between Sophophora and Drosophila subgenera (Sánchez-Gracia and Rozas, 2008) . Earlier studies across the Drosophila genus indicated that these two genes have been affected by positive selection. Hence, we also examined the nucleotide divergence between D. subobscura and D. guanche, a phylogenetically close species restricted to some isolated gorges of Tenerife Island, Canary Archipelago. Comparative analysis of nucleotide polymorphisms and divergence will allow us to analyse the impact of natural selection on these chemosensory genes.
We find that the pattern of molecular variation in the Obp83 region is highly similar to that observed in the rp49 gene. The region is not at steady-state equilibrium, but instead reflects the expansion process caused by the increase in frequency of the chromosomal inversion. We show that inversion O 23 has a monophyletic origin and that the gene arrangements are well differentiated in spite of the existence of some genetic exchange between them. From the patterns and levels of both nucleotide and InDel polymorphisms in the Obp83 region, we estimate the age of inversion O 23 is about 0.2-0.3 million years. Interestingly, the patterns of nucleotide and InDel variation are very similar in the two gene arrangements; this feature reveals a linkage effect caused by the close proximity to the breakpoint of inversion 4 (O 4 ). On the other hand, the comparative analysis of polymorphism and divergence patterns exposed differences in the selective constraint levels of the Obp83a and Obp83b genes, likely associated with the endemic nature of D. guanche.
Materials and methods

Fly samples
We sequenced the complete Obp83 region in 29 D. subobscura isochromosomal lines (8 from El Pedroso, Spain and 21 from Bizerte, Tunisia). The chromosomal arrangement of each line was determined earlier (Rozas et al., 1999) . We mapped by in situ hybridization the cytological location of the Obp83 region in D. subobscura using a modification of the Montgomery et al. (1987) protocol (Segarra and Aguadé, 1992) . We also sequenced the complete Obp83 genomic region in one highly inbred line (after 10 generations of sib mating) of D. guanche (kindly provided by G Periquet).
DNA sequencing
The genomic DNA from the El Pedroso lines was obtained after Kreitman and Aguadé (1986) , whereas that from Bizerte and D. guanche was extracted using a modification of protocol 48 from Ashburner (1989) . In D. subobscura, an B4.5 kb region, including the complete Obp83b coding region and a fraction of the Obp83a gene, was amplified by PCR (Saiki et al., 1988) using oligonucleotides designed in conserved regions among three species of the melanogaster subgroup of Drosophila (Sánchez-Gracia et al., 2003) . The 3 0 fragment of the Obp83a gene was obtained by the inverse-PCR technique (Ochman et al., 1988) . The amplified fragments were cycle sequenced using oligonucleotides designed at intervals of B400 nucleotides, and then separated on a 
Data analysis
The DNA sequences were aligned by the Clustal W programme (Thompson et al., 1994) . The initial alignments were further optimized using the MacClade programme, version 3.06 . We estimated the maximum likelihood (ML) phylogenetic tree by PhyML, version 2.4.4 (Guindon and Gascuel, 2003) ; bootstrap values were based on 1000 replicates. The Obp83 region of D. guanche was used as outgroup for the analysis. The DnaSP programme, version 5.00.7 (Librado and Rozas, 2009) , was used to estimate nucleotide diversity, genetic distances and genetic differentiation, to detect putative gene conversion tracts and to conduct neutrality tests. Nucleotide diversity, p, was estimated as the number of nucleotide differences per site (Nei, 1987) , whereas pairwise nucleotide divergence, K, was obtained using the Jukes and Cantor (1969) substitution model. We also estimated branch-specific synonymous (d S ) and non-synonymous (d N ) substitution rates as well as their ratio (o) by ML using the PAML 4 programme (Yang, 2007) . In this work, the term silent nucleotide variation (SIL, indicated as a subscript) is used to describe variation in the non-coding fragment and in the synonymous sites along the coding region. DNA divergence between gene arrangements was calculated as D xy , the per-site average number of nucleotide substitutions between populations (or chromosomal arrangements), and as D a , the net number of nucleotide substitutions per site between populations (Nei, 1987) .
We also used a new method to infer the number of InDel events from the data and to estimate several measures of the level and pattern of InDel polymorphisms (average InDel length, InDel diversity and InDelbased neutrality statistics). We also estimated a neighbour joining tree of the Obp83 region using InDel events information. InDel events were identified using a modification of the Simmons and Ochoterena (2000) method. In brief, we consider InDels with the same 5 0 and 3 0 termini homologous (that is represent a single mutational event); therefore, InDels of different lengths (even in the same position of the alignment) are treated as different events. For the analysis, we used only InDel events with a maximum overlap of three events in a specific position (Tetraallelic option) (see Librado and Rozas, 2009) . InDel estimates were compared with those obtained from nucleotide substitution information. We have implemented this method as a new module in the DnaSP software (Librado and Rozas, 2009) .
The proportion of nucleotide diversity attributable to variation between gene arrangements, F st , was estimated after Hudson et al. (1992) . The S nn statistic (Hudson, 2000) was used to test for genetic differentiation; statistical significance was assessed by the permutation test (based on 10 000 replicates).
We applied the McDonald and Kreitman (1991) test (MK test) to examine whether the number of polymorphic and fixed synonymous and non-synonymous substitutions conformed to or deviated from the neutral theoretical expectations. We also estimated Tajima's D (Tajima, 1989 ), Fu's F s (Fu, 1997) Rozas, 2002) statistics to test for deviations in the distribution of intraspecific nucleotide variation; the 95% confidence intervals of these statistics were obtained by coalescent (Hudson, 1990) computer simulations with recombination (1000 replicates). We estimated the population recombination parameter C (C ¼ 4N e c, where N e is the effective population size and c is the recombination rate per generation for the complete Obp83 region) using the method described in Hudson (1987) . We also estimated the conservative value of C L (Rozas et al., 2001) , which represents the minimum value of C compatible (at 5%, under the neutral model) with the minimum number of recombination events R M (Hudson and Kaplan, 1985) inferred in the data. We used the algorithm described in Betran et al. (1997) to identify putative gene conversion tracts in the sample. We estimated the linkage disequilibrium (LD) between pairs of polymorphic sites by the r 2 statistic (Hill and Robertson, 1968) and the global level of LD by the ZnS parameter (Kelly, 1997) . The statistical significance of ZnS was assessed by coalescent simulations.
We studied the effect of positive selection on particular lineages by contrasting ML estimates of the o parameter (see above) under different evolutionary models (implemented in PAML 4.3 package; Yang, 2007) . In particular, we applied the two tests described in Zhang et al. (2005) to a data file containing the Obp83b coding region of D. subobscura, D. guanche, D. madeirensis, D. persimilis, D. miranda and D. pseudoobscura (data from Sánchez-Gracia and . In test 1, the fit to the data of a model that allows only neutral evolving sites in all branches (model M1; Yang et al., 2000) is compared with a model that allows a given proportion of positively selected sites in a particular branch MA model (Yang and Nielsen, 2002; Zhang et al., 2005) . In test 2, the M1 model is replaced by a null model (MA in Zhang et al., 2005) that assumes a complete relaxation rather than positive selection (that is d N /d S ¼ 1) in the same specified branch. The statistical significance was evaluated by applying the conservative likelihood ratio test, which assumes that twice the log likelihood difference between models follows a w 2 distribution with one degree of freedom (Zhang et al., 2005) .
Results
Cytological location of the Obp83 region
In situ hybridization on polytene chromosomes shows a unique signal located on cytological band 98D of the O chromosome of D. subobscura (Figure 1 ). This chromosomal position lies within paracentric inversion O 23 , which defines two major recombination-restricted chromosomal groups, the O [3 þ 4] (including O 3 þ 4 þ 7 and O 3 þ 4 þ 8 ; 15 sequences) and the O 3 þ 4 þ 23 (14 sequences) ( Figure 2 ). All eight lines from El Pedroso harbour the O 3 þ 4 þ 7 arrangement.
Overall nucleotide variation
The sequenced Obp83 region extends over 5808 bp (5202 bp if excluding sites with alignment gaps). The genetic structure is the same as that of D. melanogaster; nevertheless, the intergenic region is shorter in D. melanogaster (B1 kb) than in D. subobscura (B2.5 kb). Table 1 summarizes the levels of nucleotide polymorphism and divergence in the different functional parts of the Obp83 region. We detected 377 segregating sites (representing a minimum of 394 mutational events) among the 29 lines of D. subobscura; 8 of these polymorphisms are non-synonymous (Supplementary Figure S1 ). The average nucleotide diversity (p T ) is 0.0112. We also inferred a total of 116 InDel events in the complete dataset; 36 were excluded from the analysis as they presented four or more overlapping InDel events. The 80 analysed InDel events have an average length of 4.59 bp and a per-sequence InDel event diversity of 14.6. Figure 3 shows the distribution of silent nucleotide polymorphisms and divergence throughout the Obp83 region. As in D. melanogaster and D. simulans (Sánchez-Gracia et al., 2003; Sánchez-Gracia and Rozas, 2007) , the level of silent variation is lower in the Obp83a gene than in Obp83b and intergenic regions (except for a highly variable B300-bp fragment in the first intron of the Obp83a gene). Nevertheless, the HKA test does not reject the hypothesis that polymorphism and divergence are correlated, as expected under the neutral model (HKA test, results not shown).
Polymorphic and fixed (between D. subobscura and D. guanche) synonymous and non-synonymous mutations, however, do not correlate (MK test, P ¼ 0.033); the Obp83b gene is responsible for this departure (Obp83b, P ¼ 0.004; Obp83a, P ¼ 0.851) ( Table 2) . Nevertheless, the results of the MK test using only nucleotide substitutions fixed in the lineage leading to D. subobscura (using D. pseudoobscura to polarize mutations) were not significant (P ¼ 0.330); therefore, the Obp83b gene has evolved neutrally in D. subobscura. We also analysed the patterns of synonymous and non-synonymous substitutions in the Obp83 coding region of D. guanche. The ML analysis at the Obp83b coding region of D. guanche (branch-site approach) indicates that positive selection might act on some codon sites of this gene (test 1 in Zhang et al., 2005 ; P ¼ 0.006). The hypothesis that selective pressure acting on these sites may be relaxed (that is d N /d S ¼ 1), Figure S1) ; these tracts do not show any significant directionality, and their average lengths are quite similar in both gene arrangements. Interestingly, after removing the strains with the observed gene conversion tracts, some shared polymorphisms still remain, suggesting the existence of additional gene conversion tracts undetected by the Betran et al. (1997) algorithm. The Obp83 region phylogenetic trees exhibit two clearly separated clusters, which correspond to the two chromosomal classes (Figure 4 ). This feature confirms that the genetic structure observed in the data was mainly caused by the inversion polymorphism (recombination reduction in heterokaryotypes), and not by some form of population differentiation. Nucleotide variation at the Obp83 region of D. subobscura A Sánchez-Gracia and J Rozas has a monophyletic origin. There is, nevertheless, a DNA sequence (line TB132) with a basal position in the ML tree. This sequence could have been incorporated by gene conversion information from other chromosomal inversions not surveyed in our study. Markedly, results of the neighbour joining phylogenetic tree using only InDel event genetic information are completely concordant with those of nucleotide substitution: all O 3 þ 4 þ 23 lines are grouped in just one cluster. Moreover, the neighbour joining tree also uncovers a relatively more basal position of O [3 þ 4] chromosomes. Table 4 summarizes the nucleotide polymorphisms of each gene arrangement. The level of silent polymorphism is higher in the O [3 þ 4] than in the O 3 þ 4 þ 23 sequences. Nevertheless, the silent diversity profiles along the Obp83 region are similar in the two chromosomal classes and correlate with silent divergence estimates (Figure 3) . Interestingly, the per-gene recombination levels (C ¼ 424 and C ¼ 567 for O [3 þ 4] and O 3 þ 4 þ 23 , respectively) are much higher than those expected in a region located close to the telomere (Table 4 ). This high level of recombination is in agreement with the low LD values (Table 4 ). In fact, the ZnS estimates are highly incompatible (Po0.001), even using the conservative C L values in the coalescent simulations, and the LD patterns noticeably decay with physical distance (Figure 5 ). Nevertheless, there are differences between gene arrangements: although there is no significant LD polymorphic pair in O [3 þ 4] , there are 899 (out 11 628 comparisons; w 2 -test) in O 3 þ 4 þ 23 (although none was significant when applying the conservative Bonferroni procedure; Weir, 1996) , which could be in agreement with the different ages estimates for these two arrangements (Rozas et al., 1999 ; but also see below).
We tested for departures from the standard neutral model using three different types of statistical tests: Tajima's D (Tajima, 1989 ), Fu's F s (Fu, 1997) (Table 4) . As gene conversion events might inflate lower values of the statistics, we also conducted the tests after subtracting either nucleotide variants likely incorporated by gene conversion tracts or the complete lines involved; in all cases, the new tests did not change the results (results not shown). All results indicate that nucleotide variation patterns within the gene arrangements are not compatible with those expected for a constant-size population. Noticeably, the deletion-insertion polymorphisms analyses are in agreement with the nucleotide substitution results (Table 5) . Our results, therefore, reveal the existence of a recent and severe population-growth event.
We have used DNA polymorphism data to date the origin of inversion O 23 . For this analysis, we assume that (i) this inversion is monophyletic, (ii) all nucleotide variation within the arrangement originated after the origin of the inversion and (iii) the nucleotide variation within the gene arrangement is not at equilibrium and still reflects the molecular signature of the expansion process. As we have detected transfer of genetic information by gene conversion between arrangements, 
Discussion
Nucleotide variation and chromosome polymorphism The cytological location of the Obp83 region in D. subobscura (close to the internal part of one of the breakpoints of inversion O 23 ) provides an opportunity to study the evolutionary consequences of chromosomal polymorphisms by contrasting nucleotide and chromosomal variation. This study has two important features: (i) we surveyed a continuous genomic region of B6 kb affected by only a single inversion, which significantly improves the statistical power of the earlier analysis of Rozas et al. (1999) and (ii) we also used InDel variation data, which allows comparison between different markers and, therefore, increases the robustness of evolutionary inferences. We show that gene arrangements are well differentiated, as expected by the suppression of recombination in heterokaryotypes. The high levels of recombination and the low LD values detected in the homokaryotypes clearly indicate that this suppression of recombination between gene arrangements is not caused by the telomere proximity of the Obp83 region. This suppression, however, is not complete; in fact, the number of shared substitutions between arrangements is higher than expected for an independent accumulation of mutations. That is, the reduction in recombination between gene arrangements occurs in spite of some forms of recombination (by double crossing over or gene conversion) between gene arrangements. Actually, we identified several gene conversion tracts between chromosomal classes, a relevant mechanism in the genetic exchange between inversions (Rozas and Aguadé, 1994; Navarro-Sabate et al., 1999; Rozas et al., 1999; Munte et al., 2005) . The two highly differentiated clades in phylogenetic trees of the Obp83 region (Figure 4 ) also reveal that the suppression of recombination is a major mechanism in the evolution of chromosomal inversions; in addition, these trees support the monophyletic origin of this inversion. These results agree with those reported by Rozas et al. (1999) in their analysis of other genomic regions and inversion systems. It should be noted, however, that one of the O [3 þ 4] sequences (line TB132) does not group according to its chromosomal class in the ML tree. This line exhibits a small gene conversion tract, and perhaps might have also incorporated genetic information from other gene arrangements not surveyed in this study. In any case, it is important to note that genomic regions with a stable suppression of recombination might have an important function in evolutionary processes such as speciation; hence, inversions can generate genetically differentiated regions that may contribute to genetic isolation, despite the gene flow caused by hybridization (for example Kulathinal et al., 2009) . Indeed, inversions carrying chemosensory system genes (especially in pheromone perception, oviposition sites or food detection) can be good candidates for participation in this process.
A rapid increase in the frequency of an inversion, from its origin (monophyletic) to its current frequency, can leave a recognizable signature in the pattern of DNA molecular diversity for some (relatively short) period of time. This effect, in fact, can be envisaged as a population-growth event (Rogers and Harpending, 1992; Harpending, 1994) and can, therefore, generate starshaped genealogies. Rozas et al. (1999) found negative Tajima's D values at the rp49 gene in all gene arrangements surveyed. Although the neutral model was not rejected, they found signatures of gene arrangement expansion using the raggedness r statistic in all gene arrangements except O 3 þ 4 þ 23 . In this context, the R 2 and F s coalescent-based neutrality statistical tests are more powerful to detect population-growth events and are less sensitive to recombination than mismatch distributionbased statistics (Ramos-Onsins and Rozas, 2002; RamirezSoriano et al., 2008) . In addition, for small sample sizes and high recombination rates, as in our case, the R 2 statistic is even more powerful than F s (Ramos-Onsins and Rozas, 2002) . Interestingly, we obtain significant R 2 values in the two gene arrangements, as expected in the given population (or chromosomal arrangement, in this case) growth. Noticeably, the analysis using InDel polymorphisms yielded the same conclusion. Therefore, the joint use of nucleotide and InDel polymorphism data makes the analysis much more robust, as it is less affected by putative-specific features of nucleotide substitutions (that is mutation rate or selection coefficient).
Consequently, the surveyed gene arrangements are not at steady-state equilibrium, and the DNA variation pattern still reflects an adaptive increase in frequency driven by positive selection. Nevertheless, the multilocus Nucleotide variation at the Obp83 region of D. subobscura A Sánchez-Gracia and J Rozas analysis of Munte et al. (2005) in D. subobscura showed that genetic differentiation between inversions might extend all over the inverted region, therefore, having a relatively homogeneous genetic exchange along the inversion. This feature makes it difficult to identify the putative target of positive selection. Therefore, it is not possible to address this issue by examining a single genomic region. Moreover, current data are uninformative regarding the evolutionary fate of this inversion (that is whether the gene arrangement has reached its frequency equilibrium or if it will continue increasing in frequency until fixed in the population).
In spite of that limitation, under this scenario, we estimate that the O 23 inversion originated about 0.2-0.3 million years. As an inversion might need at least 10 7 generations to reach equilibrium frequency in a species such as D. subobscura (Navarro et al., 2000) (about 2 million years in D. subobscura, assuming five generations per year, Ashburner, 1989; Powell, 1997) , these estimates for the origin of the inversion are consistent with the non-equilibrium state of the O 3 þ 4 þ 23 chromosomal arrangement. This estimated origin is slightly more recent than those estimated for other inversions of the O chromosome and is in agreement with the evolutionary history of the O chromosome inversions of D. subobscura (Rozas et al., 1999) .
Unexpectedly, we also detect the expansion signature in the Obp83 region from O [3 þ 4] samples. Inversion O 4 is also a derived inversion (see Figure 2) , originating from the O 3 arrangement about 0.3-0.5 million years (Rozas et al., 1999) , and its nucleotide variation has probably not reached steady-state equilibrium in the population. As the Obp83 region is outside the inverted fragments affecting the O [3 þ 4] and O st arrangements (that is the genomic region is not within the chromosomal fragment covering inversions 3, 4 and 8; see Rozas et al. 1999) , we might expect that nucleotide variation was at equilibrium. Nevertheless, the region is very close to the external part of one breakpoint of inversion O 4 ; therefore, we might expect a reduction of recombination between this inverted fragment and the surveyed region in heterokaryotypes. In this case, the evolutionary fate of the Obp83 region at the O [3 þ 4] might be affected by this partial linkage to the inversion. In fact, assuming complete linkage, we can estimate the age for the origin of inversion O 4 using the specific Obp83 evolutionary rates. These estimates are in concordance with that estimated from the rp49 region-a marker located inside the inverted fragment (0.32-0.50 million years; Rozas et al., 1999) . Alternatively, the fact that the DNA signature is in both the O [3 þ 4] and the O 3 þ 4 þ 23 arrangements might be explained by a demographic event affecting the entire genome. However, results showing that the different inversions have different ages, along with the observation that these ages are in agreement with the genealogical history of D. subobscura inversions (Krimbas and Powell, 1992; Rozas et al., 1999) , clearly point to gene arrangement expansion as the most plausible explanation for the data.
Impact of natural selection on the Obp83 genomic region
Estimates of silent nucleotide diversity in the Obp83 region of D. subobscura are higher than those determined in European populations of D. melanogaster and D. simulans (Sánchez-Gracia et al., 2003; Sánchez-Gracia and Rozas, 2007) . This high level of DNA variation allowed us to conduct a fine analysis of the functional constraints along the Obp83 region. Overall levels of silent nucleotide variation in the Obp83b gene and intergenic regions are higher than those estimated at the Obp83a gene, with the exception of some parts of the first large intron of this gene (Figure 3) . Noticeably, this pattern is equivalent to that observed in D. melanogaster and D. simulans. This heterogeneity in silent variation levels across non-coding regions might result from differences in functional constraints. Moreover, we identified two extremely conserved non-coding regions in the large intron of the Obp83a gene; these regions likely include important regulatory elements and warrant further investigation. As the levels of silent variation in these conserved regions are even lower than those at the synonymous positions in the same gene, we might discard the possibility that putative differences in the local mutation rate are responsible for this effect.
Finally, we also found significant results of the MK test in the Obp83b gene. Navarro-Sabate et al. (2003) also reported significant MK values in the Acph-1 gene when analysing chromosomal inversions of D. subobscura. In the latter study, however, there was an excess of non--synonymous polymorphisms. Our survey instead reveals that the D. guanche lineage-not D. subobscurais mainly responsible for the departure from the neutral expectations. The excess of amino-acid changes fixed in D. guanche might have been promoted by natural selection favouring mutations that conferred advantages to the new environment occupied by this endemic species. Only under this scenario can the o ratio be higher than one. Nevertheless, the estimate of the synonymous rate (d S ¼ 0.0570) in the Obp83b gene of the D. guanche lineage is higher than that of the nonsynonymous rate (d N ¼ 0.0285); therefore, we cannot reject the hypothesis that most fixed amino acids in D. guanche were, in fact, nearly neutral substitutions. However, positive selection can act on only a few aminoacid positions; in this case, testing for positive selection using estimates of synonymous and non-synonymous substitutions at the whole gene level would be highly conservative. The results of the branch sites of ML analysis, nevertheless, again point to the relaxation of functional constraints on the Obp83b protein as the most plausible explanation for the observed excess of aminoacid changes in D. guanche (see also Sánchez-Gracia and Rozas, 2008) . This excess might be caused by an increase in the fixation probability of nearly neutral mutations (Ohta and Kimura, 1971; Ohta, 1972) expected in species such as D. guanche with small effective population sizes (Llopart and Aguadé, 2000; Perez et al., 2003) . Under this hypothesis, an increase of the o ratio is expected, but never over the neutral rate.
In conclusion, we show that natural selection is a major mechanism driving the evolution of the Obp83 genomic region in these Drosophila species. The patterns of DNA polymorphism in the complete genomic region clearly show the footprint of the selective sweep associated with the rapid increase in frequency of the new gene arrangement. Likewise, features associated with the endemic nature of D. guanche are likely to be involved in the reduction of the effectiveness of natural selection acting on the Obp83b gene in this species.
